The metabolism of phospholipids of Escherichia coli was studied under conditions which inhibit various metabolic processes. Phospholipid synthesis and turnover were not inhibited by growth-inhibitory amounts of various antibiotics. Turnover of phosphatidylglycerol (PG) was inhibited by small amounts of dinitrophenol and by anaerobiosis. Turnover of phosphatidylethanolamine (PE), which is not detected in control cultures, was demonstrated under conditions of incipient lysis. When cells were shifted down from a rich to a poor medium, PE synthesis was inhibited, and incorporation of glycerol into the distal position of PG was stimulated. Under these conditions, turnover of the phosphate and the acylated glycerol moieties of PG was inhibited. Increased synthesis of PE was detected when filamentous cells were induced to make septa. The results indicate that PE synthesis is related to growth and cell division, whereas PG metabolism is related to other cell processes.
The metabolism of phospholipids of Escherichia coli was studied under conditions which inhibit various metabolic processes. Phospholipid synthesis and turnover were not inhibited by growth-inhibitory amounts of various antibiotics. Turnover of phosphatidylglycerol (PG) was inhibited by small amounts of dinitrophenol and by anaerobiosis. Turnover of phosphatidylethanolamine (PE), which is not detected in control cultures, was demonstrated under conditions of incipient lysis. When cells were shifted down from a rich to a poor medium, PE synthesis was inhibited, and incorporation of glycerol into the distal position of PG was stimulated. Under these conditions, turnover of the phosphate and the acylated glycerol moieties of PG was inhibited. Increased synthesis of PE was detected when filamentous cells were induced to make septa. The results indicate that PE synthesis is related to growth and cell division, whereas PG metabolism is related to other cell processes.
In bacteria, phospholipids are found almost exclusively in the cell membrane (27) and are believed to play important roles in various processes carried out by membranes (e.g., 7, 15, 17, 22, 23, 25, 29) . Although synthetic pathways of bacterial phospholipids are known (2) , studies of regulatory metabolism of phospholipids in bacteria are limited to a few observations. The proportion of different components in Escherichia coli varies with stages of growth (4, 21) and with changes in temperature (18) . Among the major constituents, phosphatidylethanolamine (PE) is stable, whereas others [phosphatidylglycerol (PG) and cardiolipin (CL)] turn over (1, 12, 13) .
Conceivably, the stable components may play a structural role and the metabolically unstable ones may participate directly in metabolic processes.
We have tried to correlate the synthesis and turnover of the major phospholipids of E. coli with changes in physiological conditions. These included the use of metabolic inhibitors and the shift-down of cells from a rich medium to a poorer medium. Under the latter conditions (14) , cells (14) .
MATERIALS AND METHODS
Organisms. E. coli B/r was obtained from C. Helmstetter; E. coli AX14 (lon-mutant), described by Walker and Pardee (28) , was obtained from M. Malamy; and E. coli K-12 strain 8 (10) was obtained from E. C. C. Lin.
Growth conditions. Cells were grown at 37C in C medium composed of salts (16) Ottolenghi (19) at a concentration of 500 Ag per extract from 100 ug (dry weight) of cells. After 3 hr of hydrolysis, the samples were extracted with methanol-chloroform-water (2 x:2:1.8). After shaking, the two phases were separated by centrifugation for 10 min at 3,000 rev/min. The products of hydrolysis were analyzed by chromatography by using the system described above for separation of phospholipids for the organic-phase products and the system described for the mild alkaline hydrolysis products for the polar components.
Phospholipase D (Calbiochem) was used as described by Yang (31) , at a concentration of I mg per extract from 100 Mug (dry weight) of cells. When purified radioactive PG or PE was treated with commercial phospholipase D, about 60 to 80% hydrolysis was detected. However, on most occasions, the products soluble in the organic phase contained some unexpected radioactive spots on the chromatograms. These probably were derived from lipid contaminants of the enzyme preparation which could provide a substrate for the transphosphatidylase activity of the enzyme. We were able to overcome this inconvenience by dissolving the commercial preparation of the enzyme and precipitating it with two volumes of acetone at 4 C and repeating this process twice.
Radioactive compounds. 32PO43-and glycerol-2-3H were obtained from New England Nuclear Corp. Double-labeled glycerophosphate was synthesized by the method described by Chang and Kennedy (3) and by using the precursors mentioned above.
RESULTS
Phospholipid composition of the E. coli strains used. The proportions of the three major phospholipids in the E. coli strains used are shown in Table 1 . These results were obtained with exponentially growing cultures and, unless otherwise specified, they refer to E. coli B/r. The strain used here has a low cardiolipin content, and we have limited ourselves to the study of its two major components, PG and PE.
The proportion of these phospholipids is not measurably different in cells growing exponentially in either of the two media used. This excludes the possibility that changes described for the shift-down experiments were due solely to adaptation to the new medium.
No unusual spots were detected in the chromatograms in any strain growing under the conditions described above. Only in the case of the Ion mutant E. coli AX 14, incubated for several generations after induction of filaments by ultraviolet light, did we detect the accumulation of an unidentified phospholipid moving immediately behind PG in the methanol-chloroform-water solvent used. This compound has not been identified.
Effect of different inhibitors of growth on phospholipid metabolism. Cells of E. coli B/r were treated with various substances such as antibiotics, 2,4-dinitrophenol (DNP), or cyanide. In other experiments, anaerobiosis was induced by bubbling oxygen-free nitrogen through the culture. Table 2 shows the effect of these treatments on the incorporation of 32P or glycerol-2-3H into phospholipids. The antibiotics used did not have a great effect on this incorporation, whereas they affected growth markedly. Levallorphan, a morphine derivative whose effect on the lipid metabolism of staphylococci has recently been reported (9) , had the opposite effect.
It has been known for several years that, in exponentially growing E. coli, radioactivity incorporated in PG is lost after a chase whereas radioactivity in PE appears to be stable (12, 13) . The antibiotics used had no significant effect on the turnover of phospholipids (Table 3) . Retention of radioactivity in PE and loss of radioactivity from PG after the chase were similar in the control and in cells treated with chlortetracycline or mitomycin. Levallorphan-treated cells, however, showed a marked loss of counts in PE and a greater degree of turnover of PG than the control. Possibly this was due to an incipient effect of this drug on cell integrity, since the culture lysed after prolonged incubation.
When the cells were treated with the lower concentration of DNP (4 x 10-' M) or grown under anaerobic conditions, turnover of glycerol-2-3H-labeled PG was inhibited (Fig. 1B) . With 2 x 10-3 M DNP, an effect similar to that described for levallorphan was observed; radioac- Effect of the shift-down on phospolipid synthesis. The shift of E. coli B/r from C medium supplemented with amino acids to the same medium without amino acids resulted in an immediate halt in the increase of the optical density of culture (Fig. 2) The rate of synthesis of the individual phospholipids was unequally affected by the shift. Figure 3 shows changes in rates of synthesis, measured by the incorporation of radioactivity into each phospholipid after a 2-min pulse of labeled precursors. The rate of synthesis of PG increased to maximum value between 40 and 50 min and fell again when cells resumed growth after the shift. The rate of synthesis of PE followed the opposite pattern.
The increase in the rate of PG synthesis resulted in an accumulation of this compound, leading to a decrease in the PE/PG ratio ( The effect of a shift-down on PG synthesis was especially marked when glycerol-2-3H was used as a labeled precursor (Table 4) . Since the PG molecule contains two glycerols which are incorporated in different steps (2), we tried to determine if the shift-down affected one of them preferentially. Since differences in the phosphate and glycerol precursor pools may affect the measurement of the rate of synthesis, we used: (i) an E. coli mutant lacking catabolic glycerophosphate dehydrogenase and alkaline phosphatase (strain no. 8, reference 10) and (ii) double-labeled (32P-and 3H) glycerophosphate. Under these conditions (pulse-labeling), the added compound is the only source of labeled glycerophosphate for the cell. The results of a shift-down experiment using this mutant and this radioactive precursor are shown in Fig. 4 . In this experiment, the rate of incorporation was measured after phospholipase D treatment of the isolated PG. After an initial, unexplained decrease, the rate of incorporation of glycerol into the distal position was greater than the rate of incorporation of 32P and the labeling of the internal (acylated) glycerol of the PG molecule. Thus, the increased rate of apparent PG synthesis during the shift-down is largely due to an increase in the rate of labeling of the distal glycerol.
Turnover of phospholipids during the shiftdown. The pronounced effect of the shift-down on phospholipids synthesis suggests that their turnover may also be affected. This was studied by determining the loss in radioactivity in the cells in a culture shifted-down; the cells were labeled for 10 min with 32P or glycerol-2-3H, filtered, and resuspended in the same medium without isotopes. PE did not show a significant loss of radioactivity for a period of more than 100 min (corresponding to three generations of the control growing exponentially) either in the shifted-down or the control culture. PG, on the other hand, showed a complicated behavior. If 32P was used, radioactivity was lost from PG in the control cultures but not in that shifted-down (Fig. 5) . When cultures were prelabeled with glycerol-2-3H, the loss of radioactivity from PG was almost as great in the shifted-down as in the control culture (Fig. 5 ).
These data, together with the results obtained in the studies of incorporation shown in Fig. 4 , suggest that the distal, nonacylated glycerol of the PG molecule undergoes a process of exchange which is distinct from the turnover of the rest of the molecule. This finding was studied in further detail and will be reported elsewhere (Ballesta, Luzon, and Schaechter, manuscript in preparation).
We have attempted to determine whether turnover of the phosphate moiety of PG is inhibited because the shift-down results in the synthesis of a different PG molecule or because the shiftdown alters the control pattern of PG metabolism. The turnover in cells labeled immediately before or after the shift was compared. The rate and extent of turnover of PG made before the shift was greater than that of PG made after the shift but smaller than that of an unshifted culture (Fig. 6) . The result does not clearly distinguish between the two possibilities but indicates that at least some of the PG made normally (before the shift) is more unstable than that made after the (1) shift. This suggests that the PG molecules may be heterogenous (at least in a metabolic sense). The same suggestion results from the leveling off of turnover curves (Fig. 5) , showing that some molecules are stable whereas others are not.
Pbospbolipid synthesis and forced cell division.
For some time after a shift-down, cells continue to divide in the absence of growth. During the first 10 min of this period, the relative rate of synthesis of the two major phospholipids is not yet markedly different from the nonshifted control (Fig. 3) . This may be expected, since the amount of new material required for the residual cell division is probably small, and differences in its chemical composition may be masked by other metabolic changes imposed by the shiftdown. For this reason, we attempted to study a situation where there is a greater amount of cell division over a short period of time. This takes place when a shift-down is carried out with cells whose cell division is inhibited, which causes them to grow as filaments. Under this condition, filaments of Ion mutants of E. coli break up rapidly. Under the conditions used here, the first doubling after the shift-down took about 13 min and the next doubling took about 47 min; this resulted in a transitory but sharp increase in the PE/PG ratio of the newly made phospholipids (Fig. 7) . These results suggest that PE rather than PG may be required for the synthesis of the portion of the membrane involved in cell division. Table 2 , there is a greater net accumulation of PG than of PE under the following conditions: treatment with DNP, cyanide, forced anaerobiosis, and in the later stages of a shift-down from rich to poorer medium. A similar PG accumulation has been detected after cyanide treatment or T4 phage infection of E. coli (8, 20) .
The marked inhibition of turnover of the phosphate moiety of the PG molecule detected after treatment of the cultures with DNP and forced anaerobiosis (Fig. I B) may explain the accumulation of this compound under these conditions.
The shift-down of cells from a rich to a poor medium had a complex effect on phospholipid metabolism. Turnover of the phosphate moiety of PG was inhibited, yet, under the same conditions (Fig. 4, 5) , the distal glycerol of PG showed a considerable exchange of radioactivity. These results suggest the existence of two different processes involving turnover of the polar moiety of the PG molecule: one which is inhibited by the shift-down and which involves the whole polar portion of the molecule, and the other which involves only the distal glycerol. The first process is similar to that described in Haemophilus parainfluenzae in which, in exponentially growing cells, the phosphate moiety of PG and distal glycerol turn over apparently at the same rate (30) . Analogous findings were reported for staphylococci (A. Short and D C. White, Bacteriol. Proc., p. 51, 1970) . The second process would be responsible for the increased rate of glycerol incorporation into PG (Fig. 4) . A similar exchange reaction has been described for the ethanolamine moiety of PE in pea seedlings (26) .
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The turnover of PE can be detected only under conditions which eventually lead to lysis, such as treatment with levallorphan or high concentrations of DNP (2 x l0-3). This turnover is detectable before any lysis can actually be measured and may reflect the incipient damage to membrane integrity which must precede lysis.
An increase in PE synthesis has consistently been detected under conditions of increased membrane synthesis such as the breakdown of filaments of E. coli Ion mutant (Fig. 7) or the recovery from a shift-down (Table 4) .
Our general conclusions from these data are that PE has a structural role compatible with its stable character and that the exchange of the distal glycerol of PG is not related to growth and cell division, but presumably to other processes that are carried out by nongrowing but metabolically active cells.
